OBJECTIVE -To define the predictors of the rate of gastric emptying in patients with diabetes.
T
he application of radioisotopic techniques to quantify gastric emptying has established that delayed gastric emptying (gastroparesis) occurs in 30 -50% of patients with longstanding diabetes (1) (2) (3) (4) (5) (6) (7) (8) (9) , and diabetes and functional dyspepsia represent the two most common disorders associated with chronic gastroparesis (10) . Diabetic gastroparesis is also recognized to represent a clinically important problem because of its potential sequelae of upper gastrointestinal symptoms, impaired oral drug absorption, and poor control of blood glucose concentrations (1) . However, determinants of the rate of gastric emptying in patients with diabetes are controversial and poorly defined (1) (2) (3) (4) (5) (6) (7) (8) (9) . Particularly, it is uncertain whether diabetic gastroparesis can be predicted based on clinical, demographic, or biochemical variables. In patients with diabetes, there is also a relatively poor relationship between gastric emptying of solids and gastric emptying of nutrient-containing liquid-meal components (2-4,7); delayed liquid gastric emptying frequently occurs and may be associated with normal solid emptying (7) . Hence, the predictors of delay in liquid emptying may potentially differ from those associated with the delayed gastric emptying of solids.
Previous studies have reported a relatively weak relationship between upper gastrointestinal symptoms and the rate of gastric emptying in patients with diabetes (2-7). Accordingly, it has been suggested that gastroparesis cannot be predicted based on symptoms and that objective measurement of gastric emptying is required for diagnosis (1, 8) . In most of these studies, symptoms have been evaluated using either a global symptom score and/or individual upper gastrointestinal symptoms classified as either "present" or "absent," without considering their severity (2-7). This approach may be relevant to the interpretation of these observations, particularly because recent studies of patients with dyspepsia of unknown origin have demonstrated a close association among specific symptoms, such as postprandial fullness with delayed gastric emptying, particularly when these symptoms are severe enough to influence usual activities (11) (12) (13) . There is also evidence that gastric emptying in patients with functional dyspepsia may be influenced by demographic factors, such as sex and body weight (11) .
Diabetic gastroparesis has traditionally been attributed to irreversible autonomic nerve damage (1) , and in support of this concept, some studies have found a relationship between slow gastric emptying and the presence of autonomic neuropathy, as assessed by standardized cardiovascular reflex tests (2,5,8). However, the observed correlations have been relatively weak, and in other studies, no relationship was evident between the rate of gastric emptying and autonomic nerve function (6, 9) . Moreover, it has now been established that acute changes in blood glucose concentrations affect gastric emptying in patients with diabetes, that gastric emptying is slower during hyperglycemia when compared with euglycemia (14, 15) , and that gastric emptying is accelerated during hypoglycemia (16) . Changes in the blood glucose concentrations that are within the normal postprandial range also influence gastric emptying, and the emptying of both solids and liquids is slower at a blood glucose concentration of 8 vs. 4 mmol/l in both healthy volunteers and patients with uncomplicated type 1 diabetes (17) .
The purpose of this study was to evaluate potential predictors of the rate of gastric emptying of solids and liquids in a large cohort of patients with diabetes. (14, 18, 19) . The test meal was consumed at ϳ10:00 A.M.; the minced beef was eaten over a 5-min period, followed by the liquid, which was consumed within 30 s. Each study was performed in the sitting position with the ␥-camera positioned posteriorly. Data were acquired in dynamic mode for at least 120 min, with 1-min frames for the first hour and 3-min frames thereafter. Time 0 was defined as the time of meal completion. Radionuclide data were corrected for subject movement, Compton scatter, and radionuclide decay using previously described methods (20) . Correction for ␥-ray attenuation was done using factors derived from a lateral image of the stomach (20) . A region-of-interest was drawn around the total stomach, and the gastric emptying curves (representing percent retention over time) were derived. The amount (percent) remaining in the stomach at 100 min for both solids and liquids and the time taken for 50% of the liquid to empty (T50) were quantified (18, 21) . Gastric emptying results were compared with an established control range (Ϯ2 SD of the mean in normal subjects for solid retention at 100 min [12- (21) . Gastric emptying was considered to be abnormal (i.e., delayed or accelerated) when values were outside this range. The amount (percent) of the meal (solid and liquid) remaining in the stomach at 100 min was used to evaluate relationships between gastric emptying and other parameters.
RESEARCH DESIGN AND METHODS

Upper gastrointestinal symptoms
Upper gastrointestinal symptoms based on the previous 2-week period were assessed by questionnaire immediately before the gastric emptying test (2, 18, 22) . Gastric (anorexia, nausea, early satiation, abdominal bloating/fullness, vomiting, and abdominal pain) and esophageal (dysphagia, heartburn, and acid regurgitation) symptoms were graded as 0 ϭ none, 1 ϭ mild (the symptom could be ignored), 2 ϭ moderate (the symptom could not be ignored but did not influence daily activities), and 3 ϭ severe (the symptom influenced daily activities). A score Յ1 was considered absent/mild, and a score Ն2 was considered to indicate a relevant symptom. A "global" symptom score was also calculated as the total score for both "gastric" and "esophageal" symptoms, so that the maximum score could be 27 (2,18).
Assessment of autonomic nerve function
Autonomic nerve function was assessed by standardized cardiovascular reflex tests (2,7). Parasympathetic function was evaluated by the variation (RR interval) of the heart rate during deep breathing and the immediate heart rate response to standing (30:15 ratio). Sympathetic function was assessed by the fall in systolic blood pressure in response to standing. The result of each of these tests was scored as 0 ϭ normal, 1 ϭ borderline, or 2 ϭ abnormal. A total score of Ն3 was taken to indicate "definite" autonomic nerve damage (2,7).
Glycemic control
Venous blood samples were taken from an indwelling cannula immediately before ingestion of the test meal and then at 30, 60, 90, and 120 min thereafter. Blood glucose concentrations were determined immediately using a portable blood glucose meter, and the mean value was calculated. HbA 1c was measured using the initial venous sample, and the results were expressed as a percentage. The range in normal subjects was 3.5-6.0%.
Statistical analysis
Data were evaluated using the MannWhitney U test and a linear regression analysis. Multiple regression was used to determine predictors of the rate of gastric emptying of solids and liquids. Data are shown as mean values Ϯ SEM, unless otherwise stated. P Ͻ 0.05 was considered significant.
RESULTS -All subjects tolerated the study well, and none became hypoglycemic during the gastric emptying measurement.
Gastric emptying, upper gastrointestinal symptoms, autonomic nerve function, and glycemic control Gastric emptying of solid and/or liquid was delayed in 66 (65%) patients. A total of 48 (48%) patients had delayed emptying of solids (i.e., retention at 100 min Ն61%), and 58 (57%) patients had slow emptying of liquids (i.e., T50 Ն31 min). Gastric emptying of both solids and liquids was delayed in 40 (40%) patients (Fig. 1) . In 28 of the 48 patients with delayed solid emptying, and in 42 of the 58 patients with delayed liquid emptying, gastric emptying was Ͼ3 SD outside the normal range. Gastric emptying of solids was abnormally rapid in three (3%) patients, and the gastric emptying of liquid was abnormally rapid in two (2%) patients. There was a positive relationship between the emptying rates of solids and liquids (percent retention) at 100 min (r ϭ 0.61, P Ͻ 0.0001). Solid (retention at 100 min 64.0 Ϯ 3.2 vs. 50.2 Ϯ 3.6%, P Ͻ 0.005) and liquid (retention at 100 min 22.7 Ϯ 1.7 vs. 16.0 Ϯ 1.8%, P Ͻ 0.001) gastric emptying were slower in women than in men. There were no significant differences in either solid or liquid gastric emptying in women Ͻ50 years of age (n ϭ 36) when compared with those Ն50 years of age (n ϭ 21).
A total of 84 (83%) patients had upper gastrointestinal symptoms. The mean global symptom score was 4.5 Ϯ 0.4. Abdominal bloating/fullness was the most common of the nine symptoms, occurring in 54 (54%) patients (Table 1 ). The mean score for abdominal bloating/fullness was greater in women than in men (1.0 Ϯ 0.12 vs. 0.61 Ϯ 0.12%, P Ͻ 0.05), and there was no difference in any other symptom between men and women. When each upper gastrointestinal symptom was classified according to severity (absent/mild versus relevant), the intragastric retention of both solids (70.9 Ϯ 4.1 vs 53.1 Ϯ 2.8%, P Ͻ 0.005) and liquids (26.1 Ϯ 2.8 vs 17.3 Ϯ 1.3%, P Ͻ 0.005) at 100 min was greater in the 28 patients with relevant abdominal bloating/fullness when compared with the other 73 patients. Based on the severity of any other upper gastrointestinal symptom, there were no differences in the gastric emptying of solids or liquids.
A total of 43 (43%) patients had definite evidence of autonomic neuropathy, and the mean score in the whole group was 2.2 Ϯ 0.18%. At least one of the cardiovascular tests was either borderline or abnormal in 75 (74%) patients. The mean HbA 1c was 8.6 Ϯ 1.7%; 8 patients had values within the normal range (3.5-6.0%), 55 patients had values in the range of 6.1-9.0%, 35 patients had values in the range of 9.1-12.0%, and 3 patients had values Ͼ12.0%. The mean blood glucose concentration during gastric emptying measurement was 14.5 Ϯ 0.48 mmol/l. There was a significant relationship (r ϭ 0.43, P Ͻ 0.0001) between HbA 1c and the mean blood glucose concentration.
Determinants of gastric emptying
There was a trend for a relationship between the global symptom score and the gastric emptying of solids (r ϭ 0.19, P ϭ 0.06) but not for the gastric emptying of liquids (r ϭ 0.12, P ϭ 0.22). The total score for gastric symptoms correlated weakly with solid gastric emptying (r ϭ 0.22, P Ͻ 0.05) but not with liquid gastric emptying (r ϭ 0.17, P ϭ 0.09). The score for esophageal symptoms was not related to either solid or liquid gastric emptying. Of the individual symptoms, only abdominal bloating/fullness was related to either solid (r ϭ 0.29, P Ͻ 0.005) or liquid (r ϭ 0.28, P Ͻ 0.01) gastric emptying. There were no significant relationships between the rate of gastric emptying of solids or liquids and BMI, blood glucose, age, or the score for autonomic nerve function.
Multiple regression was used to determine the predictors of the rate of gastric emptying (i.e., solid and liquid at T100 min). When individual gastrointestinal symptoms (scores 0 -3), age, sex, BMI, autonomic nerve function, and mean blood glucose were considered, abdominal bloating/fullness (P Ͻ 0.01), female sex (P Ͻ 0.05), BMI (P Ͻ 0.05), and mean blood glucose (P Ͻ 0.05) were independent predictors of slower solid gastric emptying. Together, these predictors accounted for ϳ19% of the variance (r ϭ 0.44, P Ͻ 0.0005) ( Table 2) , whereas abdominal bloating/fullness (P Ͻ 0.05) and female sex (P Ͻ 0.05) were predictors of slower liquid emptying; together they accounted for ϳ15% of the variance (r ϭ 0.39, P Ͻ 0.001) ( Table 3) .
CONCLUSIONS -This study evaluated the potential predictors of the rate of gastric emptying of solids and nutrientcontaining liquids in outpatients with diabetes. Two significant observations for this study group were found: 1) the presence of abdominal bloating/fullness is associated with slower gastric emptying of both solids and liquids, whereas other upper gastrointestinal symptoms do not appear to have any predictive value; and 2) the gastric emptying of solids and liquids is slower in women than in men. These observations have potential implications for the investigation and management of disordered gastric emptying in patients with diabetes. The observed relationship between abdominal bloating/fullness and gastric emptying in patients with diabetes is consistent with recent studies of patients with functional dyspepsia (11) (12) (13) . The total score for gastric symptoms correlated weakly with solid emptying but not with liquid emptying. Furthermore, as in patients with functional dyspepsia, symptoms such as nausea and vomiting, which have been regarded as highly suggestive of gastroparesis, do not appear to be associated with a delay in gastric emptying in patients with diabetes in the absence of abdominal bloating/fullness. This latter observation requires clarification, as it potentially has substantial implications for the investigation of upper gastrointestinal symptoms in patients with diabetes. These issues may also, at least in part, account for the inconsistencies in previous studies that have evaluated the relationship between the magnitude of symptomatic improvement and acceleration of gastric emptying in response to prokinetic therapies in diabetic gastroparesis (21-25) (i.e., the evaluation of symptoms that may not be related to delayed gastric emptying and the absence of any assessment of symptom severity). However, it should be recognized that the relationship between abdominal bloating/fullness and delayed gastric emptying in diabetes was not strong, which is probably indicative of the multifactorial etiology of symptoms in these patients (1,26 -28) . It has not been established whether the predictive value of postprandial symptoms would be greater compared with the predictive value of fasting (18) . It should also be recognized that our observations were obtained in a tertiary referral center, and although the inclusion of subjects was not based on either the presence or absence of gastrointestinal symptoms or the rate of gastric emptying, selection bias cannot be excluded.
A gender difference in gastric emptying has been reported in healthy control subjects in some (29 -33) but not all (34, 35) studies; in patients with functional dyspepsia, gastric emptying appears to be slightly slower in women than in men (11) . Hence, our observation that gastric emptying is slower in women with diabetes, albeit novel, is not surprising. The etiology of this difference remains speculative. The higher prevalence of abdominal bloating/fullness in women with diabetes is also consistent with observations in nondiabetic subjects (36) and outpatients with type 1 diabetes (37).
Multiple regression analysis showed a weak relationship between BMI and gastric emptying of solids but not between BMI and gastric emptying of liquids. In healthy subjects, there is evidence that the rate of gastric emptying may be influenced by body weight per se (35, 38, 39) as well as previous patterns of nutrient intake (40,41). In healthy subjects, obesity has been associated with both slower (35) and more rapid (38,39) gastric emptying, whereas in patients with functional dyspepsia, delayed gastric emptying has been associated with low body weight (11) . Hence, the observed association between higher BMI and slower gastric emptying of solids in our study should be viewed circumspectly, and it awaits confirmation from future studies.
The observed relationship between blood glucose concentration and gastric emptying of solids was anticipated. Previous studies have demonstrated a dosedependent inverse relationship between the rate of gastric emptying and the blood glucose concentrations in both healthy subjects and patients with uncomplicated diabetes (14 -16) . The blood glucose concentration also influences the effect of prokinetic therapy on gastric emptying (42,43). However, it is not known whether the effects of variations in blood glucose concentration on gastric emptying are influenced by either the rate of gastric emptying during euglycemia or autonomic nerve function. In relation to the latter, we did not find that cardiovascular autonomic nerve dysfunction was independently associated with the rate of gastric emptying, which is contrary to the suggestion of some (2,5,8) but not all (6, 9) studies. This may potentially reflect the fact that many of our patients had evidence of autonomic dysfunction, and thus using cardiovascular reflex tests as a surrogate markers of gastrointestinal autonomic nerve function has inherent limitations (1). 
